Tomato yellow leaf curl virus (TYLCV) and related begomoviruses are a major threat to tomato production worldwide and, to protect against these viruses, resistance genes from different wild tomato species are introgressed. Recently, the Ty-1 resistance gene was identified, shown to code for an RNA-dependent RNA polymerase and to be allelic with Ty-3. Here we show that upon TYLCV challenging of resistant lines carrying Ty-1 or Ty-3, low virus titers were detected concomitant with the production of relatively high levels of siRNAs whereas, in contrast, susceptible tomato Moneymaker (MM) revealed higher virus titers but lower amounts of siRNAs. Comparative analysis of the spatial genomic siRNA distribution showed a consistent and subtle enrichment for siRNAs derived from the V1 and C3 genes in Ty-1 and Ty-3. In plants containing Ty-2 resistance the virus was hardly detectable, but the siRNA profile resembled the one observed in TYLCV-challenged susceptible tomato (MM). Furthermore, a relative hypermethylation of the TYLCV V1 promoter region was observed in genomic DNA collected from Ty-1 compared with that from (MM). The resistance conferred by Ty-1 was also effective against the bipartite tomato severe rugose begomovirus, where a similar genome hypermethylation of the V1 promoter region was discerned. However, a mixed infection of TYLCV with cucumber mosaic virus compromised the resistance. The results indicate that Ty-1 confers resistance to geminiviruses by increasing cytosine methylation of viral genomes, suggestive of enhanced transcriptional gene silencing. The mechanism of resistance and its durability toward geminiviruses under natural field conditions is discussed.
Tomato yellow leaf curl virus (TYLCV) and related begomoviruses are a major threat to tomato production worldwide and, to protect against these viruses, resistance genes from different wild tomato species are introgressed. Recently, the Ty-1 resistance gene was identified, shown to code for an RNA-dependent RNA polymerase and to be allelic with Ty-3. Here we show that upon TYLCV challenging of resistant lines carrying Ty-1 or Ty-3, low virus titers were detected concomitant with the production of relatively high levels of siRNAs whereas, in contrast, susceptible tomato Moneymaker (MM) revealed higher virus titers but lower amounts of siRNAs. Comparative analysis of the spatial genomic siRNA distribution showed a consistent and subtle enrichment for siRNAs derived from the V1 and C3 genes in Ty-1 and Ty-3. In plants containing Ty-2 resistance the virus was hardly detectable, but the siRNA profile resembled the one observed in TYLCV-challenged susceptible tomato (MM). Furthermore, a relative hypermethylation of the TYLCV V1 promoter region was observed in genomic DNA collected from Ty-1 compared with that from (MM). The resistance conferred by Ty-1 was also effective against the bipartite tomato severe rugose begomovirus, where a similar genome hypermethylation of the V1 promoter region was discerned. However, a mixed infection of TYLCV with cucumber mosaic virus compromised the resistance. The results indicate that Ty-1 confers resistance to geminiviruses by increasing cytosine methylation of viral genomes, suggestive of enhanced transcriptional gene silencing. The mechanism of resistance and its durability toward geminiviruses under natural field conditions is discussed.
RNAi | Solanaceae T omato yellow leaf curl virus disease causes enormous yield losses in tomato production worldwide and is caused by different related begomoviruses, with tomato yellow leaf curl virus (TYLCV) as the most important one. The virus, like all begomoviruses, is transmitted in a persistent manner by the whitefly Bemisia tabaci. TYLCV contains a monopartite single-stranded DNA genome that is bidirectionally transcribed for the expression of six partially overlapping ORFs. The genes responsible and involved in the regulation of genome replication and transcription (C1-C4) locate to the left-hand side of the genome, whereas those involved in packaging, movement, and transmission (V1 and V2) are located on the right-hand side. Of the genes involved in replication, the replication-associated protein (C1), transcription activator protein (C2), and replication enhancer protein (C3) have been relatively well studied and described. The right hand-side genes code for the coat protein (CP; V1) and precoat protein (V2). Because geminiviruses do not code for their own DNA polymerase, they reactivate the S phase in differentiated cells to support and enable replication of their DNA genome (1) .
Besides control of insect vector populations, breeding for resistance against TYLCV has been deployed as the main strategy in disease management. Currently, six resistance/tolerance loci have been mapped and described in tomato. Ty-1, -3, -4, and -6 are introgressed from different Solanum chilense accessions, Ty-2 is derived from S. habrochaites, and ty-5 is from S. peruvianum (2-7). Interestingly, low levels of virus replication have been reported with all these resistance genes. Instead of the classical R gene-mediated hypersensitive response, Ty genes thus exhibit more of a tolerance phenotype. Recently, the Ty-1 and Ty-3 genes have been cloned and were found to be allelic (8, 9) . They code for an RNA-dependent RNA polymerase (RDR) with sequence similarity to the Arabidopsis RDR3, -4, and -5 types of genes, and distinct from the well-known and -characterized RDR1, -2, and -6 types of genes. For RDR3, -4, and -5, no functions have been described so far, and their involvement in geminivirus resistance has unveiled a new class of resistancegenes.
RNA silencing (also referred to as RNA interference; RNAi) is a conserved eukaryotic gene regulation mechanism that plays a key role in various developmental processes. This pathway involves small (s)RNA molecules ∼21-26 nt in size generated from perfect or imperfect long double-stranded (ds)RNA molecules by an enzyme designated Dicer (in mammals and insects) or Dicer-like protein (in plants) (10) . After unwinding of the sRNA molecules, one strand, the so-called guide strand, is incorporated into an RNA-induced silencing complex (RISC). This complex senses RNA molecules with sequence complementary to the guide strand and targets these for degradation or translational arrest by means of the core Argonaute (AGO)
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protein. In plants and insects, and just recently in mammals (11, 12) , RNAi also plays an important role as an antiviral defense mechanism, triggered by viral dsRNA replicative intermediates or RNA-folding structures. In plants, the RNAi signal is amplified with the involvement of RDRs. During this process, viral siRNAs generated, instead of becoming uploaded into an RISC, alternatively prime dsRNA synthesis by RDR on aberrant or functional viral RNA transcripts. This not only leads to the amplification of viral siRNAs but also to spreading of the siRNA signal to other parts of the viral genome, referred to as transitive silencing (13) . From the RDRs described, only RDR1, -2, and -6 are so far known to be involved in the amplification of the siRNA signal, resulting in transitive silencing.
Although geminiviruses harbor a single-stranded DNA genome, they also are subject to transcriptional and posttranscriptional RNA silencing, as observed by the synthesis of geminivirus-specific siRNAs, (sRNA-directed) viral DNA methylation, and posttranscriptional gene silencing of protein-coding genes (14) (15) (16) (17) . However, antiviral RNAi defense against geminiviruses is suggested to mostly rely on a methylation-based defense, a process that involves the action of siRNA-directed methylation pathway component Ago4 (18, 19) .
It is commonly assumed that during geminivirus infection, RNA silencing is triggered by dsRNA that arises from overlapping and complementary 3′ ends of bidirectionally transcribed genes, followed by transitive silencing of the other left hand-and right hand-sided transcripts from the viral genome. As a result, siRNAs are observed to originate from the entire viral genome, although their distribution is not always equal (16, 20) . Geminiviruses code for RNA silencing suppressor (RSS) proteins that either sequester the single-stranded siRNA and prevent their loading into the RISC or interact and thereby inhibit adenosine kinase, an essential factor required in the process of DNA methylation and transcriptional gene silencing (21) (22) (23) (24) (25) (26) (27) (28) . For geminiviruses, V2 and C2 have been identified as silencing suppressors involved both in transcriptional gene silencing (TGS) and posttranscriptional gene silencing (PTGS) (22, 24, 29) , whereas C4 has been identified as suppressing PTGS (21) .
Considering the role of RDR1, -2, and -6 in RNAi, a role for RDR3, -4, and -5, and thus of Ty-1/Ty-3, in the amplification of the siRNA signal is tempting. This idea is supported by the observation that mutants lacking RDR1, -2, and -6 still revealed basal levels of RNA silencing and siRNA biogenesis, and plants deficient in RDR2 and -6 only showed a moderate increase in susceptibility to geminiviruses (30, 31) . Because RDR1 and -6 have been demonstrated to be involved in the biogenesis of geminivirus-specific siRNAs, those of other RDRs thus cannot be excluded (32, 33) .
Here we show that in Ty-1/Ty-3 plants, but not in susceptible tomato Moneymaker (MM), siRNA levels are relatively increased and coincide with hypermethylation of the TYLCV V1 (CP) promoter region, indicating that Ty-1-based resistance against TYLCV involves enhanced TGS.
Results

Ty-1/Ty-3 Plants Support Higher Levels of siRNA Amplification and
Relative siRNA Enrichment for V1 and C3. Considering the function of Ty-1 and its relation to the RDR1, -2, and -6 classes of genes, it was hypothesized that resistance to TYLCV conferred by Ty-1 likely involved enhanced (post)TGS, mediated by higher levels of siRNA amplification relative to those amplified in susceptible tomato cultivar MM (ty-1). To test this hypothesis, the amounts of siRNAs and their spatial distribution on the viral DNA genome were comparatively analyzed in Ty-1/Ty-3 plants versus susceptible tomato cultivar MM challenged with TYLCV. sRNAs were purified from TYLCV-challenged plants (three biological replicates) and rendered sRNA samples in concentrations ranging from 7 to 130 ng/g leaf material. As another control, a Ty-2 line containing a resistance gene against TYLCV that mapped to a completely different region of the tomato genome was included.
Purified siRNAs from TYLCV-infected susceptible MM and resistant Ty-1, -2, and -3 plants were radiolabeled and hybridized to PCR fragments spanning the entire TYLCV genome (Fig. 1) . Although, as expected, no signal was observed when sRNA from mock inoculated plants was used as a probe ( Fig. 1 ), all TYLCVchallenged, susceptible and resistant, tomato plants including the Ty-2 plants revealed the presence of TYLCV-specific siRNAs reminiscent of an ongoing viral infection. A closer look at the Southern blots and the intensity of signals in CNT per mm 2 , defined as sum of all intensities, (Fig. 1B , y axis) of three replicates (from which a representative set is shown in Fig. 1 ) revealed overall higher amounts of siRNAs purified from Ty-1 plants compared with those from MM and Ty-2 plants (by a factor of 2 in CNT per mm 2 ). In addition, the amount of siRNAs from Ty-3 plants was seemingly lower, but in all these cases the results were not yet corrected for an internal control to allow any conclusion on the amounts of siRNAs between different lines. However, a subtle and consistent difference in the spatial distribution and enrichment of siRNAs on the TYLCV genome was observed between the population of siRNAs from TYLCV-challenged MM, Ty-1, -2, and -3 plants (see also To allow a quantitative comparison of TYLCV-derived siRNAs from different plants and confirm the relative increase of V1 (CP)-versus C3-derived siRNAs in Ty-1 lines compared with MM, a repetition of the experiment was performed, in which an internal control for siRNA purification was added. To this end, sRNAs were purified from a fixed amount of leaf material from Ty-1 and MM plants supplemented with equal amounts of homogenized leaf extracts prepared from an agroinfiltration leaf patch assay on the Nicotiana benthamiana 16C line (34) containing silenced GFP (M&M). Radiolabeled siRNAs were probed on PCR fragments spanning the entire TYLCV genome, and TYLCV-specific siRNAs were quantified relative to the internal GFP-specific siRNAs (Fig. 2) . The results were in agreement with the first experiment ( Fig. 1 ) and confirmed the production of higher amounts of TYLCV-specific siRNAs in Ty-1 plants in comparison with those from MM plants (a threefold increase), and in particular those from the V1 (CP) and C3 regions. Whereas siRNAs corresponding to the V1 (CP) region were up to eight times more abundant in Ty-1 compared with MM ( Fig. 2) , for those corresponding to V2, C3, C4, C2, and C1, an increase of 1.7-, 2.5-, 4-, 4-, and 3-fold was observed, respectively. Furthermore, the subtle increase in the siRNA ratio of V1:C3 (from 0.77 to 1.43), which already and consistently showed up during the first experiment, was observed again, and thereby strengthened the significance of this observation (Fig. 2) .
Simultaneous with the analysis of TYLCV-specific siRNAs and their genomic distribution in TYLCV-challenged resistant Ty-1/Ty-3 versus susceptible MM (ty-1) plants, TYLCV titers were determined by TaqMan PCR. Whereas TYLCV-infected MM plants showed clear signs of infection by their stunted phenotype, systemic leaf chlorosis, and curling, no clear visual symptoms were observed in Ty-1, -2, and -3 plants (Fig. S1 and Table S1 ). As expected, TYLCV was easily detected by TaqMan analysis in tomato MM, yielding on average (based on five plants) a cycle threshold (Ct) value of ∼19.1 with a cytochrome oxidase 1 (COX) value of ∼21.4. In contrast, TYLCV was hardly detected in (Table S1 ).
Ty-1 Plants Show Higher Levels of TYLCV DNA Methylation. Because RNAi-based defense against geminiviruses is suggested to mostly rely on a methylation-based defense (31, 36), we next tested whether Ty-1-mediated siRNA amplification led to increased geminivirus DNA methylation and thereby caused TGS and overall TYLCV resistance/tolerance. If true, and considering the relative enrichment for V1 (CP)-and C3-derived siRNAs in Ty-1 plants, we expected to see a difference in methylation of the corresponding genome regions between TYLCV DNA collected from Ty-1 and MM plants. To test for this, a bisulfite genomic DNA treatment strategy was used to chemically convert unmethylated cytosines (Cs) into uracils (Us). During a subsequent PCR amplification and sequence analysis, these would then be identified as thymidines (Ts) and be distinguished from the original viral genome sequence. Two primer sets were designed to enable amplification of the 5′ UTRs and coding sequences of V2 and V1 (CP). DNA was isolated from the same TYLCVinfected Ty-1 and MM plants that were earlier used for sRNA purifications. As a control for the conversion reaction, the bacterial derived, unmethylated TYLCV binary clone (M&M) was included (Table S2 ). After bisulfite treatment of the DNA, PCR amplification of the V2 and V1 (CP) regions was performed. DNA fragments corresponding in size to the expected V2 and V1 (CP) fragments were cloned and individual clones were selected for sequence analysis. The status of DNA methylation in TYLCV collected from infected MM and Ty-1 plants was determined by sequence comparison with the original sequence of TYLCV and based on 20 clones per sample (Fig. 3 and Fig. S2 ). Although the control samples showed, as expected, 100% conversion (Table S2) , multiple sequence alignment covering the entire V2-V1 (CP) region of TYLCV collected from the Ty-1 plant revealed that only 6 out of 20 clones exhibited C-to-T conversions, indicating that in the other 14 clones all C residues were methylated ( Fig. 3A and Fig. S2A ). This was in sharp contrast to the situation in MM where conversions were observed for 17 out of 20 clones. Overall, this resulted in a TYLCV DNA copy pool with up to 90% of all C residues in the start region of V1 (CP) being methylated for the resistant Ty-1 plant, which is a clear increase compared with the 50% methylated C residues as observed in the very same region in the susceptible MM (the average within the entire fragment from MM is ∼80%) (Fig. 3A) . The findings of specific hypermethylation at the start region of V1 (CP) in Ty-1 was supported by the absence of a clear difference in the methylation profile of the upstream 5′ UTR and start coding region of V2 between the same clones collected from Ty-1 and MM (72% vs. 76%; for the entire fragment, around 85% for both) (Fig. 3B and Fig. S2B ). Out of 20 clones, 9 and 8, respectively, contained C-to-T conversions in that region for Ty-1-and MM-derived samples. No shifts in the abundance of symmetric (CG and CNG) and asymmetric (CHH) methylated cytosines (37) (38) (39) between MM-and Ty-1-derived sequences were observed, nor differences in abundance of methylated C residues within different sequence contexts.
Ty-1 Promotes Hypermethylation of the Bipartite Tomato Severe
Rugose Begomovirus DNA Genome. The observation that Ty-1 plants exhibited increased cytosine methylation of viral genomes supported the idea that Ty-1-based resistance would likely be effective against a wide range of mono-and bipartite geminiviruses. Fig. 2 . Quantification of TYLCV-derived siRNA levels relative to an internal GFP-siRNA control. siRNAs isolated from TYLCV-infected susceptible MM and resistant Ty-1 plants were radiolabeled and hybridized to PCR fragments representing the entire TYLCV genome (fragment sections shown as V1, V2, and C1-C4 are indicated in the genome scheme in Fig. 1A) . Bars indicate SDs for the relative siRNA concentration based on three replicates.
To test this hypothesis, Ty-1 and MM plants were challenged with a distinct, bipartite tomato severe rugose begomovirus (ToSRV; kindly provided by Alice Inoue-Nagata, Empresa Brasileira de Pesquisa Agropecuária, Brasilia, Brazil). After 14 d postinoculation (dpi), mild symptoms were observed on susceptible MM plants, whereas Ty-1 plants, in contrast, remained symptomless. PCR analysis using ToSRV-specific primers revealed the presence of ToSRV DNA copies in all MM and four out of eight Ty-1 plants. DNA was subsequently isolated from one infected plant of both lines, next to the bacterial derived, unmethylated ToSRV binary clone as a control for conversion efficiency (Table S2) , and subjected to bisulfite treatment for methylation analysis of the V1 region of ToSRV, similar to that performed for TYLCV V1. Although the control samples again showed, as expected, 100% conversion (Table S2) , sequence analysis of 20 individual clones revealed that only 4 out of 20 clones collected from Ty-1 exhibited a C-to-T conversion, whereas 17 out of 20 clones collected from MM contained C-to-T conversions (Fig. 4 and Fig. S3 ). These results indicated a hypermethylation of the ToSRV V1 region in the Ty-1 plant (95% in Ty-1 vs. 40% in MM), similar to what was observed with TYLCV (Fig. 4) .
Mixed Infection with Cucumber Mosaic Virus Compromises Ty-1-Based
Resistance Against TYLCV. Many plant viruses are known to counteract plant RNA silencing by expressing potent suppressor proteins of RNAi. The RSS protein 2b from cucumber mosaic virus (CMV) is one such protein that next to suppressing PTGS also interferes in TGS via its inhibition of AGO4, the core component of the RISC that mediates siRNA-dependent DNA methylation (40) . Considering that Ty-1-based resistance involves increased cytosine methylation of viral genomes, likely mediated via Ago4, it was anticipated that a mixed infection with CMV could possibly compromise the resistance toward TYLCV. To test this, Ty-1, Ty-3, and MM lines were challenged with TYLCV and simultaneously inoculated with CMV. As controls, plants were challenged with TYLCV or CMV alone. After 14 dpi, samples were taken from all plants and DNA was extracted for subsequent determination of TYLCV titers by TaqMan PCR. Apart from TYLCV-and CMV-related symptoms, no clear difference in phenotype between single and mixed infected plants could be observed. Whereas MM plants generally showed high titers of TYLCV in the absence or presence of CMV and, as expected, only very low levels upon single infection of Ty-1 plants, TYLCV titers were significantly increased in Ty-1 plants during a mixed infection with CMV (Table 1 and Table S3 ). TaqMan PCR analysis showed that with the exception of one replica (line 4; Table S3 ), TYLCV was hardly detected in Ty-1 plants infected only with TYLCV, and Ct values (average ∼28.7) resembled those from the CMV-infected plants. In Ty-1 plants challenged with a mixed infection, Ct values of ∼21.2 were obtained, which is a Ct value decrease of ∼8 compared with Ty-1 plants infected with TYLCV alone, corresponding to an up to 26-fold increase in TYLCV titers (35) . Single and mixed infections of MM plants revealed relatively similar Ct values of ∼12.5 and ∼13.4, respectively, which indicates an ∼40-fold increase in TYLCV titers compared with Ty-1 plants containing a mixed infection of CMV and TYLCV.
Discussion
Based on the identification and cloning of the Ty-1/Ty-3 resistance genes and their similarity to RDR1, -2, and -6, with well-described roles in the amplification of the siRNA signal, we earlier hypothesized on a resistance mechanism involving an enhanced RNAi response (9) . In this study, we have shown that upon challenging with TYLCV, Ty-1/Ty-3 plants support the production of high levels of TYLCV-specific sRNAs with a consistent enrichment for sRNAs derived from C3 and V1 (CP) and relative to low concentrations of virus titer, in comparison with well-infected and susceptible tomato MM (ty-1) plants. The high levels of siRNA production coincided with events of hypermethylation in certain regions of the TYLCV DNA genome, as tested and demonstrated for the promoter region of V1 (CP). These data together support the idea that resistance for TYLCV conferred by Ty-1/Ty-3 is most likely based on increased cytosine methylation of its genome, and are suggestive of enhanced TGS. The observed enhanced levels of siRNA amplification in Ty-1/Ty-3 plants in comparison with those in MM also provide the first experimental indication, to our knowledge, that the DFDGD class of RDR genes, to which Ty-1 belongs, is involved in the biogenesis and amplification of siRNAs. RDRs with a catalytic DLDGD motif (RDR1, -2, and -6) have earlier been demonstrated to be involved in the biogenesis of geminivirus-specific siRNAs (32, 33) , but mutants lacking RDR1, -2, and -6 still revealed basal levels of RNA silencing and siRNA biogenesis. The additional observation that plants deficient in RDR2 and -6 only showed a moderate increase in susceptibility to geminiviruses (30, 31) agrees with the involvement of other RDRs, such as Ty-1, in RNAi amplification. Whereas transcriptional up-regulation of RDR2 and -6, both involved in siRNA amplification required for PTGS of plant RNA viruses, was earlier shown to confer levels of resistance to various plant RNA viruses, Ty-1-mediated siRNA amplification does not provide resistance to plant RNA viruses (41) , here also tested for CMV. This would suggest that Ty-1-mediated siRNA amplification is not needed to support PTGS, and makes it tempting to hypothesize that Ty-1, and the other members of the DFDGD class of RDR genes, is only involved in the biogenesis and amplification of siRNAs required for TGS by Ago4-mediated siRNAdirected DNA methylation (RdDM). This also makes sense in light of a primary role for a methylation-based defense against geminivirus infections, as demonstrated by several observations: (i) Plants deficient for different TGS pathway components (e.g., AGO4) exhibit hypersusceptibility to geminiviruses, combined with low levels of DNA genome methylation (20%) (31); (ii) geminiviral genome copies collected from infection-recovery plant tissue are hypermethylated (80% in the intergenic region) (20, 31) ; and (iii) infections with TGS suppression-deficient mutant viruses lead to plant recovery (25, 31) . In accordance with these observations, and considering the ability of CMV 2b to inhibit AGO4-related functions and thereby reduce RdDM (40), Ty-1/Ty-3 resistance was shown to be compromised upon a mixed infection of TYLCV with CMV. This immediately points out the Achilles' heel of Ty-1/Ty-3-mediated resistance, in which a mixed infection of geminiviruses with plant RNA viruses that are not affected by the resistance but are able to suppress antiviral RNAi in various ways can decrease a Ty-1-mounted antigeminiviral RNAi response. This characteristic not only lowers the durability of Ty-1 under natural field conditions where the presence of various plant viruses and the occurrence of mixed infections is more common but also stresses the importance of disease management strategies against additional plant (RNA) viruses in cultivated Ty-1 tomato plants to minimize mixed infections.
One of the most intriguing and puzzling questions regarding the outcome of this research is how to explain for the relative enrichment and change in the siRNA ratio of V1 (CP):C3 concomitant with a hypermethylation at the promoter region of V1 (CP) in TYLCV collected from Ty-1 in comparison with susceptible MM. Although the intergenic region upstream of V2 also showed an siRNA level increase by 1.7-fold, no differences in its methylation profile from Ty-1 versus MM were observed. Considering that RDRs are not known to have a bias for specific viral RNA transcript templates, the siRNA enrichment for V1 (CP):C3 could only make sense in light of both gene transcript sequences being located in the bidirectional transcript overlap and leading to the generation of the first primary siRNAs. Whether, in addition, V1 and C3 transcript sequences are relatively abundant and play a part in this as well remains to be investigated.
Considering the function of Ty-1 and its involvement in siRNA amplification, it is difficult to explain the earlier reported "specificity" against TYLCV. However, more recent studies on Ty-1 hybrids indicate that the gene also seems to control a resistance response to distinct (bipartite) begomovirus species including tomato yellow leaf curl Sardinia virus, tomato rugose mosaic virus, tomato yellow vein streak virus, tobacco leaf curl Japan virus, and honeysuckle yellow vein mosaic virus (42) (43) (44) . This is strengthened by our observation of Ty-1 plants exhibiting a resistance to the New World bipartite ToSRV begomovirus. The concomitant hypermethylation of the virus DNA genome encompassing the promoter and 5′ coding sequence of the V1 (CP) gene, similar to that observed for TYLCV, strongly indicates that Ty-1 confers resistance via increased cytosine methylation of viral genomes, generic to all geminiviruses. Interestingly, the relative hypermethylation in ToSRV is clearly higher compared with TYLCV. Whether this is due to particular sequence features in ToSRV being more efficiently targeted by Ty-1-mediated TGS or ToSRV having a bipartite genome remains to be investigated in future research. An additional interesting outcome of this study was the observation that virus-challenged Ty-2 plants, which never showed any symptoms, revealed the presence of TYLCV-specific siRNAs. This is clearly indicative of an ongoing viral infection, and agrees with an earlier observation by Barbieri et al. of the presence of low TYLCV titers in challenged Ty-2 plants (42). The additional observation that the siRNA profile obtained from Ty-2 plants revealed similarities to the one from susceptible MM plants, and not to those from Ty-1/Ty-3, not only strengthens all observations made but supports the idea that Ty-2-based resistance does not seem to involve enhanced TGS.
During the study presented, a few Ty-1/Ty-3 plants became infected with TYLCV (Table 1 ; Ty-1 with TYLCV 4; Ty-3 with TYLCV 4 and 5), a phenomenon that seems to occur more regularly and has been described before (42) . Why these plants have become well-infected still remains intriguing and will be of interest in light of resistance durability. Although speculative, considering the function of Ty-1, it is not unlikely that a modulation (decrease) of RDR expression caused by (a)biotic (stress) factors could be involved, leading to increased susceptibility.
In summary, here we have provided the first evidence, to our knowledge, that Ty-1/Ty-3, coding for a member of the DFDGD class of RDR genes and representing a new class of resistance genes, provide resistance against TYLCV and other geminiviruses by increasing cytosine methylation of the viral genome, suggestive of enhanced TGS that can be compromised by mixed infections with other plant (RNA) viruses.
Materials and Methods
Plant Material and Disease Assay. Tomato cultivars, growth conditions, leaf sampling, agroinfiltrations with infectious clones of TYLCV-IL, ToSRV, or pBinGFP, and (mixed) infection with CMV (isolate PRI_TOM5-4) are described in detail in SI Materials and Methods and are as described previously (8, 9) .
Nucleic Acid Isolation. Isolation of total DNA and RNA and the purification of siRNAs are described in detail in SI Materials and Methods. For TaqMan PCR assays, DNA was extracted using cetyltrimethyl ammonium bromide and further processed as described in SI Materials and Methods.
TaqMan PCR Assay. Conditions for TaqMan PCR and primers for TYLCV, ToSRV, and the internal COX control are described in SI Materials and Methods. TaqMan PCR was performed with the ABI PRISM 7700 Sequence Detector (Applied Biosystems) with TaqMan Universal Master Mix (Applied Biosystems).
Southern Blotting. Fragments representing the entire genome of TYLCV were amplified from the TYLCV amplicon using primers as described in SI Materials and Methods. Equimolar amounts of purified PCR products were resolved on a 1% agarose gel, blotted to Hybond-N membrane, and after hybridization to γ-32 P-labeled siRNAs were visualized by phosphoimaging as described in SI Materials and Methods.
Bisulfite Reaction, PCR, and Cloning. Bisulfite modification was carried out using the Qiagen Bisulfite Kit according to the manufacturer's procedures. Design of primer sets encompassing specified TYLCV and ToSRV genome regions and conditions for PCR amplification and cloning are described in SI Materials and Methods.
Sequence Analysis. Nucleotide sequences were determined using Sangerdideoxy sequencing (Eurofins Genomics; MWG Operon) and aligned to the TYLCV(Alm) (GenBank accession no. AJ489258) or ToSRV1164 reference sequences as described in SI Materials and Methods.
